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A number of recent screw designs is analyzed for melting 
performance, using a simple analytical approach based on 
Tadmor’s original work. The melting length for a screw with 
constant depth channel is used as reference. An ideal compres- 
sion screw will have a melting length of one-half the melting 
length of the reference screw. The Maillefer melt separation 
principle is discussed. The Maillefer screw melts in 213 of the 
length of the reference screw. Screws by Barr, by Dray and 
Lawrence and by Kim are shown to approach the ideal com- 
pression screw. A new design screw, using ideal compression 
and multiple channels and having a very large screw pitch, is 
shown to be a considerably more efficient melting device than 
any of the other screws discussed. 
INTRODUCTION 
odern extruder screws consist of a number of M cooperating functional elements which often show 
little or no resemblance to an actual screw. Such ele- 
ments may be mixing or shearing elements which re- 
place the traditional melt pumping zone as well as spe- 
cial melting sections, usually applying a melt separation 
principle. Screw performance, quantitatively and qual- 
itatively, has improved greatly over the last decennia, 
mainly due to more effective feed zones and to improved 
melt homogenization. The melting section is currently 
receiving much attention and it is useful therefore to 
evaluate some recent developments. In this paper vari- 
ous melting section designs are compared on the basis of 
a simple, Newtonian, analysis. In a future paper the 
result of a more elaborate, numerical, calculation will be 
presented in which most of the simplifying assumptions 
made in this paper are removed. Experimental results 
with a prototype screw, designed on the basis of the 
analysis given here, will also be given. 
THEORY 
The Maddock Model 
The analysis of the melting process in an extruder 
requires a physical model of the phenomena in the screw 
channel. Three such models have been proposed, these 
are shown in Fig.  1. The oldest is the model given by 
Maddock (1) and by Street (2). The Klenk (3) model has 
been encountered only in the processing of certain for- 
mulations of poly(viny1 chloride) (PVC) (4). This model is 
not considered in this paper. A third model was ob- 
served by Dekker (5). 
The Maddock model was first analyzed mathemati- 
cally by Tadmor (6) whose work is at the basis of many 
further publications. We shall use Tadmor’s result in a 
”bx - 
I I c  
Fig.  1. Three ntor1el.s of the melting process. ( I .  i\.luddock, b. 
Dekker, und c. Klrnk .  
simple form, that is, neglecting melt formation other 
than in the thin layer between the barrel and the solid 
bed of unmolten material. Tadmor’s original assumption 
that this layer has constant thickness is corrected in 
accordance with Vermeulen, et aE. (7). The temperature 
in the melt layer is considered to be fully developed 
locally. The basic equation resultingfrom the analysis is: 
where 
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Qs(Z) is the mass flow in the solid bed and X ( z )  is the 
width of the solid bed; both are functions of the channel 
length coordinate z. The change in solids mass flow, 
Qk(z), equals the melting rate over a downchannel dis- 
tance dz. The solid bed velocity relative to the screw, 
v,,, is considered to be constant. The auxilliary quantity 
(, follows from the derivation and is 
4 1 U T b  - TI,,) + p% 
t = (  AH * pl,,v sin 4) (3)  
This 5 is also a constant as v,, is constant and v$ = V 2  + 
v;, - 2V . v,, cos 4. See Fig. 2. 
The solution of E q  1 with the boundary condition X = 
W at z = 0, is 
x = w ( 1 -  (4) 
for a screw with constant channel depth; H = H,.  
The boundary condition X = 0 for z = Z, results in: 
H 
9 
2, = 2” 
where 
c 
5 
+ = p s v s r W f  
(5) 
This helical melting length Z ,  for the constant depth 
screw without leakage will be used as the basis of com- 
parison for other screw constructions. 
In axial direction the melting length is: 
L, = Z, sin 4 
From Eqs 4 and 5, X = W ( l  - z /Z , ) ’ ,  which may be 
substituted in E q  1 to give: 
Fig.  2 .  Top uie tc  of thepow of solids and melt in screw chunnel 
in  the melting zone for  the Maddock model. 
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The melting rate is seen to be a linearly decreasing 
function of z. In Fig. 3 the line A indicates this relation 
for the straight screw. The total amount of material to be 
molten is represented by the area under the line A: 
Tapered Screw 
The length required for melting may be reduced if 
Q’Jz) is not decreasing with z or at least decreasing at a 
lower rate. Ideally, i f X  could be maintained at its initial 
value of W, then QL(z) would remain constant at its 
initial value Q ~ ( o )  = [W*, and the meltinglength would 
reduce to half its original length. This situation is repre- 
sented by the line B in Fig.  3. In practice, this ideal 
situation cannot be achieved as the condition X = W 
leaves no room for the melt pool. 
A situation represented by line C ,  in between A and 
B, may be achieved however by using a tapered screw or 
compression screw in which the channel depth H di- 
minishes linearly over the melting section from an initial 
value H ,  to a final H, .  In this case X decreases at a rate 
lower than that given by E q  4,  leaving space for the melt 
pool. The channel depth is then H ( z )  = H ,  - hz, in 
which b = ( H ,  - H , ) / Z , .  
The solution of E y  1 becomes: 
For the “straight” screw, b = 0 and the solution E q  5 
results. For a “compression ratio” of 4 ,  i.e., H ,  = 4H,,,, 
giving a “taper” of b = 3H, /4Z t ,  the result is 
3 H ,  3 
2 4  4 
zt = -= -2,  
For H, = 0 the taper is b = H , / Z t  and Zl = %Z,, the 
“ideal” compression screw discussed above. In the ta- 
pered screw u,, has been assumed constant as in the 
constant depth screw. Therefore 4 also remains con- 
stant. 
5 w+ 
F i g .  3 .  Melting rute Qlasci function of down channel distunce z. 
A. “straight” screw; B .  “ideal compression” screw; C. normal 
compression screw, C R  = 4 .  
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Multichannel Screw 
Using a multiple thread screw and neglecting the 
flight width, each channel has a width W / n  and carries a 
mass flow 
VSb) 
n 
in its solid bed. With X = W / n  at z = 0, the solution of 
E q  1 is: 
In practice the result of lising more channels is less 
favorable because of the flight width and the effect of the 
leakage flow. 
Discussion 
The cause of the improvement of the melting rate is a 
different one in both cases. 
In the tapered screw, the solid bed is made to occupy 
a larger width, thereby presenting a larger area for heat 
transfer to the unmolten material. In the extreme, for 
H,n = 0, X = W over the whole melting length and Z 1  = 
%Z,  in this case. This is a theoretical lower limit. 
In the multichannel screw, each channel is narrower 
than in the single flight screw. As a result the thickness 
of the melt layer, which at the crosschannel coordinate x 
is proportional to 6, does remain small as is shown in 
Fig. 4 .  Consequently the rate of heat transfer to the 
meltisolid inteiface is on average higher for this screw as 
this rate is inversely proportional to the melt film thick- 
ness (6). 
MELT SEPARATION PRINCIPLES 
In the case observed by Dekker (5) and analyzed by 
Lindt (8) the melt which has been formed is not removed 
to a melt pool but is stored in the layer between solid bed 
and barrel. The thickness of this layer therefore in- 
creases in the z-direction and consequently the rate of 
heat transfer to the solid bed decreases. This decrease 
causes alowering of the local melting rate which is much 
more rapid than in the Maddock model where the de- 
crease in solid bed width is partly compensated by a 
lower average thickness of the melt layer. The mecha- 
nism observed by Dekker is less efficient than Mad- 
dock’s therefore and it should be avoided. In the actual 
Dekker model melt formation at the screw bottom may 
not be neglected, as a result the solid bed actually floats 
in the melt. However photographs of sliced sections of 
material taken from the screw contents after cooling, 
which have been published by many authors, usually 
show that the Maddock model, somewhere about half 
way of the melting length, also has a considerable melt 
film at the screw bottom. Actually the Maddock model, 
unless the screw is cooled, tends to degenerate into a 
form resembling the Dekker model. In order to retain 
the better efficiency of the Maddock model this degen- 
eration is undesirable. 
Moreover, the presence -of a relatively thick melt 
layer at the screw side may promote “solid bed break- 
age” which itself further decreases melting efficiency. 
Also, more seriously, it may cause pressure surging and 
as a consequence thereof a product which is out of 
specification. An effective way to prevent this degenera- 
tion is the principle of melt separation, introduced by 
Maillefer (9). In a melt separation screw an extra flight is 
used which has a clearance with the barrel sufficiently 
large to allow the passage of molten material. This extra 
flight forms with the main flight two channels, an inlet 
channel containing the solid material and in which the 
actual melting process takes place, and a discharge 
channel containing melt only. The cross sectional area of 
the inlet channel must decrease at the same rate that 
melting takes place in order to prevent the formation of a 
melt pool in this channel. 
T H E  MAILLEFER SCREW 
In the Maillefer screw the extra flight emanates from 
the active flange of the main flight, ideally at the start of 
the melting zone. The extra flight has a larger pitch than 
the main flight and rejoins this main flight after a 
number of turns at its passive flange, (Fig. 5 ) .  Channel 
depth is usually constant in both the inlet and the dis- 
charge channels formed in this way. The width of the 
inlet channel is X = W - z tan 7 .  In a correct design all 
”bx 
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solids are just molten at the end of the inlet channel. 
Then, X = Ofor z = Z,, in which Z,, is the melting length 
of the Maillefer screw, and therefore tan y = W/Z, or X 
= W(1 - z /Zm) .  
In the Maillefer screw, screw G,, cannot be constant as 
it was assumed in the Tadmor analysis, therefore ( = 
f (z ) .  At the start of melting, z = 0 and X = W, us, = us,,, 
4 = to. The dependence of 5 on v,,., is ignored in a first 
approximation. 
Now E q  1 takes the form: 
in which leakage, has been neglected, or: 
in which JI, = ~o/(vs , , l  . p&) as in Tadmors analysis (Eq 
6). 
The solution of this equation is: 
for z = Z,n the left hand side becomes zero, therefore 
equality requires: 
Substitution of this result for Z, in the original solution 
(7) yields: 
(8) 
225.- = (1 - --) z \ *  
csz, Z n1 
Using practical figures to evaluate from E q  3 the depen- 
dence of 5 on u,~,, an almost linear relation 5 2 a - bus, is 
found. This may be written as: 
5 increases as u,?, decreases. 
balance, we obtain: 
In second approximation using Ey 9 in the melting 
d 
dz 
Ignoring c2 and higher powers in the solution, the result 
is Z,,, = 3H( 1 - ~/4)/2+,  or 
Z, = 3 (1 - G ) Z ,  and L, = 2, sin 4 4 
A fairly realistic maximum value is E = 0.4 which gives 
Z, = - 2, consequently L, 2 - L, 
2 2 
3 3 
The Maillefer screw therefore is slightly more efficient 
in melting than the tapered screw, on the basis of this 
comparison. Its main advantage is that it prevents de- 
generation of the Maddock model and also prevents 
unmolten material to reach the metering zone of the 
screw. 
IMPROVEMENTS IN SCREW DESIGN 
Equations 1 and 2 may be written in the form: 
d a, (Ps  . X) = - 
In the Maillefer screw X diminishes from X = W at z = 0 
to X = 0 at z = z,. As a result only about 50 percent of 
the available surface area is used for heat transfer to the 
melting front. An improvement in melting rate results if 
X is kept constant at a relatively large value. This is 
realized in a number of screws, i.e.,  the designs pro- 
posed by Barr, Dray and Lawrence, Kim (10-12) of 
which Fig .  6 shows the “unwrapped” channels di- 
agramatically. Each of these is an attempt to approach 
the performance of the ideal compression screw with L 
= &. Because in each case a part of the available surface 
area is used for creating a discharge channel for the 
molten material, all three remain slightly above this 
length. 
Barr Screw 
The first part of the Barr melting section is identical to 
the first part of a Maillefer screw. Thereafter the width 
Xn of the inlet channel remains constant but the depth 
decreases to 0 at z = ZIl. With W - Xb/W = a,  the 
length of the Maillefer part is Z;,, = aZ,,,. At z = Z;,, the 
solid bed velocity o,~,, from E q  8 is found to be approxi- 
mately 
c,, = U,szo(l - a,V 
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The melting rate in the second part of the Barr screw is 
constant as.( as well as X = X b  are now constant, pro- 
vided o,, is constant. This means that the inlet channel 
will remain fully filled ifH = H,(1 - z/Zb) in which Zb is 
the channel length for the second part. 
Integration of E 9  10 for the second part results in: 
The total melting zone channel length Z b  = 
becomes : 
+ zb now 
We have so far neglected the change of ( resulting from 
the chan e of v in the Maillefer part. With 4 = (,{1 + 
~ ( 1  - $--"" 1  a )}, the final solution is 
] L, 3 - - E  1 - f f  L*=(T + 
2(1 + E ( l  - V X ) )  
For a = 0, the limiting case of the tapered screw is 
found, while for a = 1 the Maillefer solution results. For 
a practical value of say a = 1/4, the result is = 9/16 L,, 
for E = 0, or roughly Lb = 0.56 L,. For E = 0.4 this 
reduces further to Lb = 0.52 L,. 
Dray and Lawrence Screw 
In this case the inlet channel width is kept equal to the 
original channel width W. Room for the discharge chan- 
nel is created by an increase of the pitch. Neglecting the 
flight width and with X, = axb, the new pitch angle is 
found to be sin & = sin +,(l + a). The solid bed velocity 
remains unchanged, therefore l jsz  = D,,,. Again, as in the 
Barr screw, H = H,(1 - z /Zd) .  Now 
The effect on ( of the change in 4, via v;, which contains 
cos 4, is neglected. This effect is relatively small but 
would affect the simplicity of the comparison consider- 
ably. Consequently: 
As L = Z sin 4, the axial length of the Dray and Law- 
rence melting section is LIZ = Z d  sin &, compared with 
L, = Z, sin &, this leads to 
Ld = %ZS(l + a)-4 sin & = 
sin & %L,(1 + a)-*--- sin $, 
and finally with sin & = sin +$(l + a): 
L(l = &(1 + a)* 
Again we fihd that for a = 0, the ideal compression 
screw results. For a practical value of a = %, a length of 
Ld = 9/16 L,s results, similar therefore to the Barr screw. 
Kim Screw 
This screw, because of its changingpitch, is difficult to 
make. The original channel width W from the inlet part 
is maintained over the melting zone and room for the 
melt is made by adding an auxiliary channel of which the 
width increases with z ;  X ,  = bz. The pitch angle must 
increase approximately as sin &(z) = (W + bz)/.srD (ne- 
glecting flight widths). At the end of the melting section 
z = Z k ,  X ,  = aW (Kim uses a = 1 but by using a deeper 
discharge channel, lower values for a are possible). Con- 
sequently: b = c.uW/Zk, and 
The length of the melting section of the screw, Lk, is 
found by integration of dLk = sin &(z)  dz over z = 0 to 
Z k .  
Lk = Zk  sin +s 1 + - 
Assuming vsz to be constant and by taking an average 
value for cos + k ( ~ ) ,  ( k  varies with sin &(z)  only. 
i 2  7 
Using this result in Ey 10 with constant X = W, we have: 
dH az 1 
k 
from which, with H = H,, for z = 0: 
As H = 0 for z = Zk ,  the result is: 
2 Hli CY Zh.=-- 3 +,9 (1 + a)3'2 - 1 
With E q s  5 and 11, this gives: 
Again, for the sake of simplicity, the effect of the change 
in value of cos 4 is neglected. For a = 1 as Kim pro- 
poses, Lk = 5/8Ls, for a is 1/2, Lk = 9/16 L,, a slight 
improvement therefore, while in the limit, for a = 0, the 
ideal compression screw is found again with LA. = 1/2L,,.. 
Discussion 
Apparently the differences between the three screws 
are marginal only in their effect on melting section 
length as for a fairly low value of a = 114 all three give a 
length slightly above that of the ideal tapered screw. All 
three designs aimed at increasing the melting rate, 
given in Ey 3 by E n ,  by increasing X .  From the 
reduction of v,, in the parallel part of the Barr screw and 
from the increased pitch angle in the other two screws, a 
small increase of 6 results, which, however, did not 
contribute very much to the reduction of the melting 
zone length. 
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A NEW MELTING ZONE DESIGN 
A further significant reduction in melting zone length 
may be expected from the combination of the effects of 
ideal taper (Lt = %Ls) and of the multichannel approach 
(L, = n-+L,). Neglecting all secondary influences this 
could lead to L = in-&. Maintaining Maillefer’s melt 
separation principle in this concept requires the use of n 
inlet and discharge channels and 2n flights. As a result 
the inlet channels may become very narrow, impeding 
the introduction of granular material into these chan- 
nels. Moreover the large number of flights will reduce 
the surface area available for heat transfer to the solid 
material in the inlet channels. Both these disadvantages 
may be overcome by a drastic increase of the pitch angle. 
In the Dray and Lawrence and in the Kim screws an 
increase over the traditional square pitch to pitch angles 
in the range of say 25 to 30 degrees is used. In the new 
design pitch angles over Go, preferably in the range of 
60 to 90” are used (13). This allows the use of a plurality of 
inlet channels. Moreover the value of the relative veloc- 
ity vh between barrel wall and solids increases and 
thereby the effect of energy dissipation in the melt film. 
This effect causes an increase in the value of 5, as may be 
seen by inspection of E 9  3. 
The large increase in pitch angle over a traditional 
screw means that melting capacity is gained at the ex- 
pense of pressure generating capacity. In modern ex- 
truders, provided with feed zones capable of building up 
high pressure, this loss of pressure generating capacity 
in the melting zone is of little consequence usually. 
The channel layout of such a screw is shown di- 
agramatically in Fig. 7. 
Length of Melting Zone 
The presence of flights and of discharge channels 
causes a deviation from the “ideal tapered screw” effect. 
A comparison with the standard screw may be made as 
follows : 
Standard screw: 
H L, = Z, sin 4,s, Z, = 2 - 
$S 
New design: 
H 
L, = Z, sin +,r, 2, = - 
+X 
Thus: 
in which, neglecting the effect of cos 4 and of uS2 on 6 and 
neglecting also flight widths: 
Substituting these expressions in E q  12 leads to: 
L, = 4 n-%, 
The, interesting feature of this result is that the pitch 
angle has no influence. The effect of 4 on axial length vs 
helical channel length is offset by its effect on solid bed 
velocity. The effect of the wider channel is offset by the 
more effective melt removal from the melt film, keeping 
the melt film to the same local thickness it had in the 
narrower channel and thereby retaining the original 
melting efficiency. Tadmor and Klein (14), who state 
that little is to be gained by going beyond the commonly 
used square pitched screw, reach a similar conclusion 
via computer simulation. Their explanation is somewhat 
doubtful however. They also state that the advantage of 
an increase in the number of channels is slight, a conclu- 
sion obviously affected by this fixation to traditional 
pitch angles. 
Introducing now a as the ratio of discharge channel 
width to inlet channel width, a modified value for the 
channel width W,‘, = W,,(l + a) is found. As a result 
W> - 1 sin 4, 1 
W, n sin +.s I + cr 
and also 
resulting in L, = ;n-*L,(l + a);. For n = 1, the Dray 
and Lawrence result is found. 
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Apart from the effect of the sin + in c,  the value of 6 
changes with + because the dissipation term contains 
both v,, and cos 4. 
Introducing a Brinkman number: 
and a velocity ratio K = c,,/V, 
2 K cos +))P,,~V sin 4 
For low values of Br, the dissipation contributes little, 
and the effect of 4 on L will be negligible. In Fig .  8 this 
case is represented in the plot for B r  = 0.1. The reduc- 
tion in L/L,  from 0.4 to about 0.33 is a result of the 
constant width of the flights which take up a larger part 
of the total circumference for small values of 4. 
For high values of Br, the plot Br = 10 shows that a 
large effect is obtained by increasing +. The ratio L/L,< 
may be as low as 0.2, a very considerable improvement 
over existing screw designs. In all cases the best melting 
performance is obtained for 4 = 90". Above 4 = 60" the 
curves are rather flat. In cases where it is desirable to 
maintain at least some pressure generating capacity over 
the melting zone, e.g., in order to avoid critically high 
feed pressures, a reduction of the pitch angle from the 
optimum of 90 to 60" will sacrifice at most about 10 
percent of the melting capacity (add 10 percent to the 
melting zone length) and this only for high values of Br 
and K 
In F i g .  8, the K-values indicated are those for the feed 
zone, they refer consequently to u , ~ ~  in the 4 = 17" 40' 
feed part of the screw. In calculating the graphs this 
value of K is converted to the, pitch-angle dependent, 
value K' actually in force in the melting channels by 
taking 
K ( l  + a)  nD sin 4s - b 
n D sin +,r - 2bn 
K' = 
4 30 50 70 90 
1 
r - ----+ 
in which b is the flight width and n the number of entry 
channels. 
CONCLUSION 
Three approaches to increase the melting rate have 
been identified: screw channel tapering, multiplying 
the number of parallel channels arid increasing the pitch 
angle. Of these three the first two are well known and 
have already been analysed in Tadmor's first paper on 
melting (6). The increase in pitch has not yet been 
exploited to its full potentiality. It is a promising method 
as it not only allows the combination of the first two 
methods without resulting in prohibitively narrow 
channels, but also decreases the solid bed velocity and 
the value of the negative term in u i ,  thereby increasing 
vb which results in a higher dissipative heat generation 
in the melt layer. 
On the basis of melting rate, the Barr, the Dray and 
Lawrence and the Kim screws outperform the original 
Maillefer design and all three approach the ideal tapered 
screw. A new melting zone design has been developed 
on the basis of the above analysis which combines the 
three methods of accelerating the melting process. 
Theoretically, this new concept promises a reduction of 
the melting zone length, to about one-half that of the 
best available existing designs. In these analyses the 
leakage between screw flight and barrel has been omit- 
ted. This leakage and also the pseudoplastic behavior of 
the melt both increase the screw length, necessary for 
melting to be completed, considerably. A much more 
elaborate, numerical, calculation in which most of the 
simplifying assumptions, made for the analytical treat- 
ment, have been removed shows that the conclusions as 
to the relative efficiencies of the various screws remain 
unaltered. 
Finally it should be emphasized that all S ~ T ~ W S  have 
btxn considered to operate in their ideal working point. 
This means that the actual melting zone coincides 
accurately with the geometrical part of the screw in- 
tended for melting. Over- or underfeeding of the melt- 
ing zone creates a condition in which the calculations do 
no longer apply accurately. 
NOMENCLATURE 
Br = Rrinkinann number (definition see text) (-) 
D = screw diameter (m) 
H 
H,) 
H,,, 
AH 
K 
I, 
N 
Qs 
0:. 
T = temperature (K) 
T,, = barrel temperature (K) 
TI,, = melting point (K) 
= screw channel depth (m) 
= channel depth at start of melting zone (ni) 
= channel depth in  metering zone (m) 
= eiithalpy difference between solids at hopper 
temperature and melt at melting point (J/kg) 
= ratio of solid bed velocity to screw tip velocity 
f.G,/v ( - )  
= length of melting zone (m) 
= rotational frequency of screw (s-') 
= mass flow rate of solids (kgis) 
= melting rate (kghn s) 
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V = screw tip velocity (= .TT DN) (mis) o = at start of melting zone 
W = channel-width (m) 
X 
2 
b = taper (-) 
n 
ub 
q,.,. 
VS, 
X 
z 
a 
Y 
€ 
A 
ru. = viscosity (kgim s) 
5 
m3'*s) 
p = density lkgim3) 
4 
$ 
= width of solid bed (m) 
= length of screw channel over melting section 
(4 
= number of channels in multistart screw (-) 
= relative velocity of barrel to solid bed (m/s) 
= cross channel component of ub (mis) 
= velocity of solid bed relative to screw (mis) 
= cross channel coordinate (m) 
= down channel coiirdinate (m) 
= ratio of discharge channel width X, to melting 
= angle between screw flight and melt separat- 
= coefficient relating 4 to 
= coefficient of heat conduction (Jim s K) 
= auxiliary quantity in mass balance Ey 3 (kg/ 
channel width X b  (-) 
ing flight in Maillefer screw (-) 
= pitch of screw flight (rad) 
= auxiliary quantity relating melting length to 
channel depth (-) 
Indices 
General s = solids 
m = melt 
Applied to Z,  L, 4, (, +, for indicating screw type: 
s = standard 
t = tapered 
n = multichannel 
m = Maillefer 
b = Barr 
d = Dray and Lawrence 
k = Kiln 
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